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Abstract 
The extent of coagulation during the emulsion 
polymerization of styrene was observed using two types of 
batch reactors. The primary reactor employed was a J-oz 
bottle in which the reactants were charged and polymer-
ized. Also, a 500 ml round bottom flask was used in a 
few trials, The basic intent was to observe the effect 
of prepolymer contamination on coagulum formation, both 
high (105) and low (103) molecular weight polystyrene 
were used as the prepolymer. 
In the bottle reactors, two types of coagulum were 
produced which were initially characterized by their 
physical appearance. In other words, one type of coagu-
lum appeared as a hard and glossy polymer, whereas the 
other coagulum appeared as a finely divided powder when 
dried. The two types of coagulum also differed based on 
a microscopic point of view. The hard coagulum seems to 
be primarily composed of the original prepolymer contam-
inant, whereas the powder seems to be composed of the 
latex polymer. This last statement is based on both 
electronmicrograph and molecular weight distributions of 
the coagulum, 
The amount of coagulum produced was found to be a 
function of prepolymer concentration, prepolymer molec-
ular weight and emulsifier concentration. The powdery 
type of coagulum seems to be independent of prepolymer 
molecular weight, whereas the hard coagulum is directly 
related to the molecular weight of the prepolymer. Also, 
in the low molecular weight prepolymer experiments, the 
amount of hard coagulum produced was independent of 
emulsifier concentration, whereas the powdered coagulum 
was a strong function of the emulsifier concentration. 
Some data obtained using the bottle reactors was 
slightly scattered. Therefore, a round bottom flask was 
used in order to develop a more consistent method. The 
primary indication is that the round bottom polymerization 
yields more consistent results. 
- 2 -
I. 
I 
I, Introduction 
The occurrence of coagulum during an emulsion polym-
erization is a significant industrial problem which can 
lead to both process inefficiences as well as deficiencies 
in product quality. Coagulum can form on reactor surfaces, 
thus causing a reduction in heat transfer coefficients. 
Also, coagulum can accumulate in reactor orifices; con-
sequently, increasing the pressure drop through the 
orifices until eventual clogging occurs. Ultimately, the 
occurrence of reactor coagulum will lead to the shutdown 
of the reactor so that the coagulum can be removed, i.e., 
a bottle neck in the process. Product quality is also 
effected by coagulum formation both on the macroscopic and 
microscopic level, Large floccs of polymer coagulum are 
not a useful product due to the uncontrolled and varied 
composi ti·on of the polymer. In addition, smaller floccs 
of coagulum (doublets, triplets, etc.) can change the de-
sired properties of the latex by altering its particle-size 
distribution. Hence, coagulation can cause product 
problems as well as process difficulties. 
Coagulum formation can be classified into two general 
categories (6). The first being coagulum resulting from 
insufficient particle stability, and the second clas-
sification being coagulum resulting from the polymeri-
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zation of the monomer in a mode other than normal emulsion 
polymerization. The different modes of polymerization 
are bulk polymerization in monomer pools, vapor phase 
polymerization and polymerization of monomer at reactor 
or air surfaces. These different modes produce polymer 
which is not similar to that produced by conventional 
emulsion polymerization, i.e., coagulum is produced. 
Stability of the latex particles is important when 
the energy content of the particles is sufficiently greater 
than the repulsive energy keeping the particles apart. 
Therefore, there are essentially two factors to consider 
when latex stability is a concern. One factor is the mag-
nitude of the repulsive energy barrier between particles 
which primarily depends upon electrostatic repulsion (1) 
and/or steric factors (3 & 4). The second factor to con-
sider deals with the rate at which latex particles collide. 
Several different mechanisms have been proposed to account 
for the collision of the particles: they are Brownian 
Coagulation(?), shear coagulation (8 & 9) and surface 
coagulation (2). However, these mechanisms have been 
limited to low solids and other simplified applications. 
Brownian Coagulation is induced by the thermal energy 
content of the colloidal particles. All colloidal parti-
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cles display a certain amount of Brownian motion where 
the intensity of motion is directly proportional to 
temperature and inversely proportional to particle size. 
von Smoluchowski has shown that Brownian Coagulation behaves 
according to second-order kinetics. 
If the fluid is in motion, fluid velocity gradients 
will be present and shear coagulation can be important. 
Velocity gradients can have a two-fold effect on coagula-
tion. The force of collision can be increased along with 
increasing the frequency of collision (10). 
Surface coagi.uation can also be an important mode of 
coagulation. It is assumed that latex particles are 
adsorbed at the air-liquid interface according to a Langmuir 
adsorption isotherm. Then at the surface, the latex parti-
cles coagulate according to second-order kinetics. Surface 
coagulation has been shown to be important for certain 
latexes which were stable to Brownian and shear coagulation 
( 2) I 
There are many ways to explain coagulum formation; 
however, no one way is best suited for all situations. 
Therefore, coagulum formation problems must be classified 
before solutions can be obtained. 
Prepolymer contamination is a predominate problem 
- 5 -
) 
associated with the occurrence of coagulum in many emulsion 
polymerizations. Primarily, prepolymer is formed by bulk 
polymerization of the monomer as it ages or is stored for 
some period of time. The polymerization process is 
generally initiated by photo or thermal means, and can be 
somewhat controlled by the use of inhibitors. However, it 
cannot be completely controlled for all monomers. Styrene 
easily undergoes thermal polymerization; therefore, pre-
polymer can be found in styrene even if inhibited. Also, 
freezing and thawing of certain monomers can cause some 
prepolymer contamination. The exact mechanism in which 
prepolymer induces coagulation is not totally understood. 
It is not known if prepolymer causes stability problems 
or if prepolymer influences polymerization to occur in a 
mode other than normal, Therefore, prepolymer contam-
ination is a significant problem which needs to be explored. 
The basic intent of this research is to investigate 
the role of prepolymer in the formation of reactor coag-
ulum, The monomer-polymer system chosen for the experi-
mental work is styrene-polystyrene since styrene is a good 
example of a monomer plagued with the problem of pre-
polymer contamination. 
- 6 -
II, Experimental 
In general, the problem of prepolymer contamination 
was observed in a batch reaction vessel, The primary 
intent was to observe the amount of total coagulation 
after the reaction had proceeded to completion. In other 
words, a recipe of reactants would be charged to the 
reactor initially; then after conversion was approximately 
100%, the amount of coagulum formed would be measured. 
The predominate reactor used in this work was a 3 oz. 
bottle which was rotated, end-over-end at 42 RPM, 1n a 
constant temperature water bath, thus achieving agitation 
and a controlled temperature. Also, several trials were 
performed in a round bottom flask using a teflon blade 
for agitation. 
A, Materials 
The materials employed, in this research, are the 
component of an emulsion polymerization of styrene monomer. 
Therefore, styrene, potassium persulfate, sodium bi-
carbonate, sodium lauryl sulfate and polystyrene were the 
main components used. A few other chemicals were used 
and will be listed in the proceeding paragraph. 
The polymer used in contamination of the styrene 
monomer was polystyrene obtained from Monomer-Polymer 
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and DaJac Laboratories, Inc. Both the molecular weight 
and concentration of the polymer, used in contamination 
of the monomer, were treated as the adjustable parameter. 
The prepolymer molecular weight was controlled by using 
polystyrene samples of known molecular weight, and the 
prepolymer concentration was controlled by adding a known 
mass of polystyrene to a known amount of distilled styrene 
monomer. 
The styrene monomer used in the emulsion polymer-
izations was obtained from Eastman Kodak Company. The 
monomer was inhibited with 10-15 ppm of 4-tertbutyl-
pyrocatechol. Before the monomer was used in a polym-
erization, it was washed and distilled. Washing was 
accomplished by placing equal volumes of monomer and 10% 
aqueous solution of NaOH in a separatory funnel followed 
by agitation. The NaOH washing was repeated four times 
followed by washing with water until litmus paper indicated 
a non-alkaline aqueous phase. Then, the monomer was dried 
over anhydrous sodium sulfate. Next, the monomer was 
distilled using a standard vacuum distillation apparatus 
with the temperature between 4o-45°c using CuCl as a 
stabilizer. The distilled styrene monomer was stored at 
approximately J0°F for no longer than three weeks before 
it was used in a reaction. 
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Laboratory Grade Sodium Lauryl Sulfate (SLS) was 
used as the surfactant in all of the emulsion polymeriza-
tions, and it was obtained from Fisher Scientific Company. 
Through some experimentation, it was found that varying. 
' 
SLS concentration in the polymerization recipe could also 
yield some important information. Also, when the round 
bottom flask was used as a reactor, the amount of SLS 
used had to be adjusted in order to prevent foaming. 
Hence, the reason for using different SLS concentrations 
1s basically pragmatic in nature. 
All other chemicals employed were obtained from 
Fisher Scientific Company and were used without further 
purification. The chemicals and purities are listed 
below: 
Potassium Persulfate - Certified ACS 
Sodium Bicarbonate - Certified ACS 
Sodium Hydroxide - Certified ACS 
Sodium Sulfate (Anhydrous) - Certified ACS 
B, The Bottle Polymerization Method Preparation 
and Collection of Coagulum 
The polymerization method used in this research 
employed a J oz bottle as a batch-type reactor. The 
reactor's contents were sealed from the surroundings 
using rubber gasket material (B,F, Goodrich,PVC-SBR,W-9), 
A second piece of swellable rubber was placed between the 
- 9 -
W-9 rubber and bottle cap in order that injections could 
be made into the reactor, and then sealed, without 
exposing the contents to the atmosphere. 
In brief, all the reactants of Table I were charged 
to the bottle except for the initiator solution. Then 
the reactor was purged with high purity N2 by injection 
through the rubber. Also, an outlet port for N2 was made by 
placing a syringe needle through the rubber. After purging 
the reactor, the initiator solution was injected into the 
reactor. Finally, all needles were removed from the 
reactor, and the soft rubber was swelled with toluene to seal 
the reactor from the surroundings. 
Table I - Recipe for Bottle Polymerization 
Material 
H20 
Styrene-Polystyrene 
SLS 
NaHCOJ 
K2S208 
Parts 
100 
JS. 8 
2.6-4.J 
0.)4 
0.34 
There were several uncertainties in the above-
mentioned bottle polymerization procedure which were 
investigated as to possible sources of error. One such 
uncertainty was the noticeable production of two types 
of coagulum, A typical polymerization would yield both 
a hard yellow coagulum and a fluffy white coagulum, The 
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yellow color of the hard coagulum encouraged an investi-
gation of the rubber gasket material employed in the 
isolation of the reaction medium from the surroundings. 
It was found that upon swelling the rubber in styrene, 
a yellow color solution would be produced which lead to 
the conclusion that the yellow coagulum is somehow related 
to the gasket material employed in the bottle polymeri-
zation technique. 
Next, the reaction system was isolated from the im-
purities contained in the rubber; this was done in two 
ways. First, by employing aluminum foil as a separating 
barrier, and secondly, by cleaning the rubber in toluene. 
It was found that the hard yellow coagulum was no longer 
formed during the emulsion polymerization of styrene in 
the bottle reactor, but instead hard white coagulum was 
formed. Consequently, it was concluded that the gasket 
material influences the color of the hard coagulation but 
not the actual production of it. 
Also, a brief study into the effect of the gasket 
material on the magnitude of coagulation was performed. 
A summary of results can be seen in Table II, There is 
basically no difference between the cleaned and uncleaned 
rubber on the amount of coagulation that occurs. Particular 
- 11 -
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attention should be paid to the 2,5% emulsifier concen-
tration: this will be the typical range utilized in later 
studies. 
Table II - Comparison of cleaned and uncleaned 
gasket material with respect to 
coagulation formed 
SLS Concentration 
(weight% 
Based on H20) 
1.0 
0.75 
2.5 
% Coagulation 
(Cleaned Rubber) 
15.5 
12.5 
0.5 
% Coagulation 
(Uncleaned Rubber) 
13.5 
11.5 
0.5 
After careful consideration of factors influencing 
coagulation and the factors inherent in the bottle 
polymerization method, a procedure employing bottle 
reactors was developed and is as follows: 
1. 
2. 
Boil H20 and bubble N2 until cooled. 
Make stock solution of SLS and NaHco3 and 
K2S208. 
J. Make monomer-polymer solution, 0-10% by 
weight (enough for several trials). 
4. Place 20 ml stock soap solution into 3 oz 
bottles. 
5. Place 15 ml of monomer-polymer solution in 
bottles. 
6. Flush bottles with N2 for 15 minutes, to 
remove o2 . 
7. Inject K2s2o8solution. 
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8. Remove needles in such a way as to equalize 
the pressure in bottles to atmospheric pressure. 
9, Polymerize for 20 hr, @70° in a rotating 
bottle tumbler at 42 revolutions per minute. 
10. Let polymerized latex stand for a day. 
11. Filter coagulum using filter paper and 
suction funnel. 
12. Let filter cake dry for several days then 
determine% coagulation. 
The above procedure was employed in all the bottle 
polymerizations. 
Consistency and similarity between the environment 
of each bottle was an important factor in the design of 
the above procedure. Therefore, during each trial, enough 
stock solution of SLS ~d NaHCo3 and K2s 2o8 would be made 
for 6-8 bottles: thus, insuring that the concentrations 
in each bottle were the. same. Also, since agitation 
influences coagulation, the procedure was developed to 
keep the mixing as consistent as possible, Hence, Step 4, 
5 and 9 were designed to address the agitation problem. 
Each bottle would have approximately the same volume and 
would be rotated at the same rate. Consequently, shearing 
patterns should be similar in each bottle. Reactor 
pressure, temperature and o2 content are also factors 
influencing coagulation, and they were easily controlled 
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by using the above procedure. In general, the procedure 
was developed in order that prepolymer contamination was 
the only variable known, 
Appearance and amount of coagulurn are the primary 
source of data observed in this research. Essentially, 
there were two types of coagulurn formed, and they can be 
characterized by their appearance. Type I coagulum was 
primarily composed of finer floccs of latex particles, 
When wet, Type I appears as a soft and fluffy substance 
similar in appearance to foamy shaving cream, When dry, 
Type I appears as a fine white powder. Type II coagulum 
appears as large clumps of polymer often in a spherical 
shape. Generally, Type II has a glassy finish and a 
slight yellow color. The appearance of the second type 
of coagulum was independent of wetness. In summary, the 
bottle method with prepolyrner contamination in the monomer, 
produced two types of coagulum to be collected and 
measured. Also, from this point on, they will be referred 
to as Type I and Type II coagulum. 
Collection of coagulurn was accomplished by means of 
filtration. After polymerization, the latex system was 
stored at room temperature for approximately 24 hours. 
Then the latex system was flushed through filter paper 
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using a Buchner Funnel and vacuum flask, Several grade 
filter papers were tried, and it was found that Grade 617 
from Eaton-Dikeman Company provided the best filtration 
without effecting the actual latex. After coagulurn was 
collected on filter paper, it was dried and the amount was 
determined gravimetrically. Then the Type II coagulurn 
would be removed using tweezers followed by weighing of 
the coagulurn to determine its mass. Hence, the amount of 
each type of coagulurn was experimentally determined. 
C, Characterization of Latexes and Coagulurn Which 
Were Obtained by Bottle Polymerizations 
The primary intent was to observe the amount of 
coagulurn formed; however, other important information can 
be revealed by observing some of the physical characteris-
tics of the various components of the final latex system 
(latex particles, Type I coagulurn and Type II coagulurn). 
Electron micrographs were taken of the coagulurn in order 
to observe the surface structure of the two types of 
coagulurn along with the latex particle size. Also, 
molecular weight characterization of the three components 
of the latex systems were performed using Gel Permeation 
Chromatography. A better description of why the above 
procedure was used will become clearer in the Results 
and Discussion section. 
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The scanning electron micrographs (SEM) were obtained 
by using the ETEC scanning electron microscope (ETEC 
Autoscan Perkin-Elmer, Hayward, CA), The samples were 
placed in the observation chamber at room temperature, and 
a 20 kv acceleration voltage was used. Sample preparation 
involved placing a small amount of coagulum on an aluminum 
mounting platform which was 12 mm in diameter. Then the 
coagulum was coated with a 25 nm film of Au-Pd by a process 
referred to as sputter coating. The Type II coagulum was 
fractured prior to mounting so that the internal morphology 
could be examined, The Type I coagulum was mounted in the 
powered form. 
The transmission electron micrographs were obtained 
with the Philips JOO electron microscope (Philips Elec-
tronic Equipment, Inc,). Sample preparation involved 
diluting the latex with distilled deionized water. One 
drop of latex ("'-10% solids) was added to 20 ml of water, 
Then a drop of this diluted latex was placed on a circular 
grid, and the sample was allowed to air dry at room 
temperature for at least 24 hours, The grid was then 
placed in the Philips cold stage where the latex particles 
and grid were cooled with liquid nitrogen, The grids were 
approximately J mm in diameter and composed of 200 mesh 
- 16 -
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stainless steel screen which was coated with a layer of 
Formvar followed by a coating of carbon. The accelera-
tion voltage was set at 40 kv for all of the micrographs, 
The molecular weight of the latex and coagulum was 
determined with a Liquid Chromatograph obtained from Water 
Associates, Inc. (Model #201), The columns employed were: 
077854, 16260, 17620, 16757. Tetrahydrofuran (THF) was 
used as the carrier solvent. The polymer solutions were 
prepared by desolving 0,05 g of polymer in 5 ml of THF, 
Then the polymer solutions were filtered through a 0.4J 1 ~ 
millepore filter to remove dust and other large clumps of 
contamination, Approximately O.l-0,2 ml of polymer 
solution was injected through the sample port. Data was 
collected using a chart recorder which monitored relative 
concentration of polymer vs. elution time, The actual 
conversion from GPC data to molecular weight was achieved 
by using a computer program written by Chi-Ming Tseng, and 
the program can be seen in Appendix I, The GPC apparatus 
was calibrated by using polystyrene samples of known 
molecular weight having a relatively narrow distribution. 
D, Round Bottom Flask Method 
A second method for studying the role of prepolymer 
on coagulation was investigated during this research. 
- 17 -
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The second method employs a 500 ml-round-bottom flask as 
a batch reactor where agitation is obtained by a teflon 
d d 1 t · tor The method involves stirring bla e an e ec r1c mo , 
charging the reactor with the recipe of Table III followed 
by carrying the reaction to completion at 70°c and 
stirring at 400 RPMS, The amount of coagulum was determined 
gravimetrically after completion of the reaction ( - 5 hr)· 
Table III - Recipe for Round Bottom Flask Polymerization 
Material 
H20 
Styrene-Polystyrene 
SLS 
NaHC0 3 
K2S208 
Parts 
100 
38.8 
2,0 
0.34 
0.34 
The agitation system employed in the round bottom 
flask was quite different than that of the bottle reactor. 
Consequently, the appearance of the coagulum differed 
between the two types of reactors, In the agitated flask 
reactor, the coagulum no longer displayed itself in two 
visable forms as in the bottle reactor, The coagulum 
produced in the round bottom method was an array of finely 
divided particles ranging from a few mm to 201m in size, 
In summary, if there were two types of coagulum, they were 
no longer separable by physical means due to the different 
nature of agitation used. 
18 -
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Collection of the coagulum was altered slightly due 
to the difference in physical appearance. The coagulum 
from the round bottom flask polymerization was collected 
using a wire mesh screen. Several different wire mesh 
screens were employed, thus allowing the coagulum to be 
divided according to size. Therefore, SEM and molecular 
weight studies could be performed on the various sizes 
of coagulum to see if any difference exists with respect 
to molecular weight and physical appearance. The SEM's 
and molecular weight determinations were performed as 
mentioned in Part II, Section C, 
III, Results and Discussion 
The influence of prepolymer contained in the monomer 
on the coagulum formation during the emulsion polymeriza-
tion of styrene monomer was experimentally observed using 
two types of reaction vessels, The results obtained are 
presented below, whereas the only comparison between the 
two methods will be concerned with the consistency of the 
experimental data and the types of coagulum produced. No 
direct comparison about the quantity of coagulum can be 
made primarily because of the differences in the agitation. 
A, Bottle Method - Amount of Coagulum Formed 
The intent of this research is to understand the role 
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of prepolymer in the formation of reactor coagulum, 
Therefore, both the molecular weight and concentration 
of the prepolymer used in contaminating the styrene monomer 
were treated as adjustable parameters, whereas coagulum 
formed was the measurable parameter. As mentioned in the 
Experimental section, there are two types of coagulum 
formed in the bottle reactors; consequently, both types 
of coagulum were monitored in the investigation. 
In addition to varying the amount and molecular weight 
of the prepolymer, the amount of SLS was also varied 
because different concentrations.of SLS in the reaction 
system were found to yield some interesting results. All 
other ingredients and conditions are in accord to the 
standard procedure mentioned in the Experimental section. 
Therefore, only prepolymer molecular weight, prepolymer 
concentration and SLS concentration will be stated in the 
discussion of the results, whereas all other ingredients 
and conditions will be considered constant between trials. 
The first case to be presented is the results obtained 
on the effect of low molecular weight prepolymer (weight 
average= 3500) using an intermediate SLS concentration 
(2,6% based on H20). Upon completion of the reaction, two 
types of coagulum were present as previously described. 
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Total amounts of the two types of coagulum (Type I and 
Type II) were determined, and the results are given 
graphically in Figure 1 where coagulum formed is plotted 
as a function of prepolymer contained in the monomer. The 
results indicate that coagulation is definitely a function 
of prepolymer concentration, The Type II coagulum has a 
linear dependency on prepolymer concentration with a slope 
approximately equal to 1,0 %/%, whereas the Type I coagu-
lum has a nonlinearly dependence on prepolymer concen-
tration. In fact, the slope of the curve is rather steep 
in the lower prepolymer concentration region and then 
levels off at higher prepolymer concentration. 
The results obtained using a higher SLS concentration 
(4,3%) and low molecular weight prepolymer are distinctly 
different than the results obtained in the above-mentioned 
case. The polymerization yielded only the Type II coagulum, 
The data is represented in Figure 2, and the slope of this 
line is approximately 1,0 %/%, In fact, the dependence 
is very similar to that of the Type II coagulum observed 
in Figure 1, 
The data presented in Figures 1 and 2 definitely 
demonstrates that the amount of coagulum formed is in-
fluenced by low molecular weight prepolymer. The exact 
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relationship is not apparent due to some scatter in the 
experimental data. However, there are indications that the 
Type II coagulum could be formed mainly from the pre-
polymer as suggested by the one-to-one correspondence 
berNeen prepolymer concentration and amount of Type II 
coagulum formed in both cases. The one-to-one corres-
pondence is not a totally convincing argument. Therefore, 
more data will be presented later dealing with molecular 
weight investigations and SEM's to help strengthen the 
statement about the composition of the Type II coagulum. 
Also, there is strong evidence that Type I and Type II 
coagulum are formed via different mechanisms. This is 
inferred by the fact that SLS concentration has a different 
effect on each of the two types of coagulum. Type I is 
strongly dependent upon the SLS concentration, whereas an 
increase in SLS concentration tends to decrease the amount 
of Type I coagulum, Type II is independent of the SLS 
concentration at least in 2.6 - 4,3% range. 
Next, the result on the effect of high molecular 
weight prepolymer (number average - 105) using an inter-
mediate SLS concentration (2.6%) are represented graph-
ically in Figure 3. The plot of total coagulum vs. high 
molecular weight prepolymer is very similar to that of its 
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low molecular weight counterpart, except a slightly higher 
amount of coagulurn is produced by the high molecular 
weight prepolyrner. The graph of total coagulum in the 
high molecular weight prepolyrner case appears to be differ-
ent from the case with lower molecular weight prepolyrner, 
but there is still enough continuity between the two sets 
of data to indicate there may be no difference, Next, 
the plot of Type II coagulurn appears as a linear function 
of prepolyrner concentration; however, in the high molecular 
weight case, the slope is no longer 1 %/% but a much 
steeper value of 2.2 %/%, The steeper slope can be ex-
plained by the fact that more entraped latex pockets were 
found in the Type II coagulum formed from the high molecular 
weight prepolyrner as compared to the coagulum formed from 
the low molecular weight prepolyrner. 
The results previously presented on the influence of 
high and low molecular weight prepolyrner using an inter-
mediate SLS concentration are summarized in Figure 4. The 
most interesting fact is that the amount of Type I coagulum 
appears to reach a plateau, whereas prepolyrn'er concentra-
tion no longer effects the amount of coagulum, The 
effects are very similar for both high and low molecular 
weight prepolyrner; however, the high molecular weight case 
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tends to show a decrease in Type I coagulum at higher pre-
polymer concentration. This decrease in Type I coagulum 
could be a result of lowering the solid concentration due 
to the large production of Type II coagulum. If the de-
crease is due to a lower solid fraction, there is some 
evidence to indicate that the molecular weight of the pre-
polymer does not effect the Type I coagulum directly, 
The most pronounced effect that prepolymer molecular weight 
has on coagulum formation is on the Type II coagulum, and 
this can easily be seen in Figure 4. The only explanation 
for this is that the high molecular weight prepolymer has 
a better affinity to trap the actual latex dispersion, 
thus, increasing the weight of the coagulum, 
Additional confirmation of some of the trends 
presented so far can be obtained by observing the results 
of another research project (5), The recipe employed is 
in Table IV and is different from the recipe used in this 
research. The polymerizations were carried out in 4-oz 
bottles; J-oz bottles were used in this work, The molec-
ular weight of the prepolymer used in these additional 
results is also different (number average molecular 
weight 35,000). The monomer-to-water ratio, the K2s2o8 
concentration and SLS concentration are also different 
- 28 -
than what was used in this research, Since the recipe 
and polymerization conditions were not exactly the same as 
in the previous experiments, no direct quantitative com-
parisons can be made. However, the trends of the data 
(see Figure 5) are very similar to those shown earlier. 
The Type I coagulum levels off at the higher prepolymer 
concentrations. Also, the Type II coagulum is produced 
according to a similar trend as the high molecular weight 
case of this report. Hence, two independent projects pro-
duced the same basic trends, thus strengthening some of 
the previously stated hypotheses. 
Table IV: Recipe used in preparation of the 
results of Figure 5 
Monomer Polymer 25 g 
Water 54 g 
SLS ,37% based on H2o 
NaHCOJ .46% 
K2S208 .40% 
Reaction Temperature 70°c 
B, Bottle Method - Molecular Weight Studies 
Molecular weight studies were performed on the differ-
ent components of the latex system (two types of coagulurn 
and latex particles) in which low molecular weight pre-
polymer and the intermediate SLS concentration were em-
ployed, The molecular weight investigation was devised 
with the intent of offering information about the final 
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Figure 5: Results of an independent project in which 
polystyrene with a number average molecular weight of 
35000 was used to contaminate the styrene monomer. 
location of the prepolymer. The basis for this molecular 
weight differentiation is that latex-formed polymers 
generally have a higher average molecular weight ( ,__ 105), 
whereas the prepolymer used has a weight average molec-
ular weight of 3.5 x 103. Therefore, the molecular weight 
distributions of the latex and prepolymer should be visibly 
different assuming the distributions do not overlap ex-
cessively. Thus, by close comparison of the molecular 
weight distribution of the prepolymer to each component 
of the latex system, an approximate percentage of pre-
polymer contained in each component can be evaluated. 
A summary of the number and weight average molecular 
weights of the latex components in which low molecular 
weight prepolymer was employed can be seen in Tables V and 
VI, The average molecular weight presents some idea of the 
composition of the coagulurn, The molecular weight of the 
Type I coagulum closely corresponds to the molecular weight 
of the latex, whereas the molecular weight of the Type II 
coagulum corresponds to the prepolymer's molecular weight. 
However, the breadth of the distributions are quite 
different (see Table VII), Consequently, precise con-
clusions are obscured by just observing the average mo-
lecular weights. Therefore, a comparison of the molec-
- JO :- - 31 -
ular weight distributions are present in Figures 6, 7 
and 8. An idea of the approximate percentage of pre-
polymer and latex contained in each of the two types of 
coagulum can be obtained by making an area comparison of 
the molecular weight distributions. A summary of the 
results can be seen in Table VIII, The results indi-
cate that the majority of the prepolymer is channeled 
into the Type II coagulum, whereas very little is present 
in the latex or Type I coagulum. Also, the molecular 
weight distribution of the Type. I coagulum very 
closely corresponds to that of the latex, 
thus indicating the polymer composition of the two are 
very similar. Therefore, the Type I coagulum could be 
formed primarily via latex particle coalescence. In 
summary, Type II coagulum seems to be formed from the pre-
polymer, and Type I coagulum seems to be formed primarily 
from the latex polymer. 
% 
Table V: Number Average Molecular Weight of 
Components of Latex System in Which Low 
Molecular Weight* Prepolymer was Employed 
Pre12ol~er 1% 2% 10% 
Latex 1,82 X 10 4 1,42 X 105 2,02 X 10 4 
Type I Coagulum 9.63 X 10 4 3,55 X 104 1,96 X 10 4 
Type II Coagulum 5,70 X 103 4,78 X 103 4.47 X 10 3 
*Mn (prepolymer) = 3,)4 X 103 
Table VI: Weight Average Molecular Weight of the 
Components of Latex System in Which Low 
Molecular Weight* was Employed 
% Pre12ol~er 1% ,2% 10% 
Latex 1,77 X 106 2.08 X 106 2,18 X 106 
Type 
Type 
I 2.15 X 106 1.76 X 106 1.80 X 106 
II 2,67 X 105 1.23 X 105 8.oo X 105 
*Mn (prepolymer) = 3.88 x 10 4 
Table VII: Dispersity Factor (Mw;1Vln) of the Molecular 
Weight Distributions of the Latex 
Components in Which Low Molecular Weight 
Prepolymer was Employed 
% Pre12ol~er 1% 5% 10% 
Latex 97.3 14.6 107.9 
Type I 22.3 49.6 91,8 
Type II 46.8 25.7 179.0 
Mw;1Vln (prepolymer) = 11.6 
Table VIII: Comparison of Prepolymer Contained 1n 
Various Components of the Styrene 
% Hard Softer 
Pre12ol~er Latex Coagulum Coagulum 
1 Very Little 80 to 90% 1- 5% 
5 II " 80 to 90% 5-10% 
10 II II 70 to 80% 10-20% 
No molecular weight studies were performed on the 
latex system in which high molecular weight prepolymer 
was employed. Basically, the distribution of the pre-
- 32 - - 33 -
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polymer and latex would overlap since their average mo-
lecular weight would be of the same order. Therefore, 
information about where the prepolymer is positioned would 
be indeterminable . 
C, Bottle Method - Morphological Studies 
Both scanning electron micrographs (SEM) and trans-
mitting electron micrographs (TEM) were performed on the 
latex system in which low molecular weight prepolymer and 
2.6% SLS were used. SEMs were performed on the coagulum 
1n order to see if the two types of coagulum were composed 
of agglomerated particles. TEMs were performed on the 
actual latex, primarily to observe the particle size. By 
comparison of the pictures obtained by electron microscopy, 
an idea of how the coagulum was formed can be achieved. 
Some further evidence to support the particle 
composition of the Type I coagulum can be found by ex-
amining the SEMs of Figures 9 and 10, These two SEMs 
are of a cross-sectional view of the fine powder that 
Type I coagulum is composed of. Figure 9 offers a view 
of the larger particles (10-50 ,ym) that gives the coagulum 
its macroscopic nature. On the other hand, the picture 
also indicates that larger particles are basically 
agglomerates of finer particles. And if a higher mag-
- 37 -
Figure 9: A SEM of the Type I coagulum indicating the 
particular nature of the coagulum. 
- J8 -
Figure 10: A higher magnification of the Type I 
coagulum, highlighting the fact that the larger floccs 
are composed of smaller primary particles. 
- J9 -
nification is employed, as in Figure 10, it is observed 
that the coagulum is composed of primarily particles 
approximately o.051Cf,.,,_ 0,1 1m in size. Also, from TEMs of 
the latex particles, it is known that the latex particle 
size is also in the same range 0.051r,1- O.l"fl't'l• Hence, 
it seems that Type I coagulum is primarily due to latex 
particle coagulation. 
SEMs of the Type II coagulum also indicate some means 
of particle coalescence is involved in the formation of 
the coagulum. Figure 11 indicates that the Type II coagu-
lum is composed of fused particles. In addition, there 
seems to be a region of a different surface structure. 
For example, a smoother surface exists in the upper right 
corner of Figure 11. However, if this smoother surface 
is magnified (see Figure 12), a particle composition is 
observed, but the particles are much smaller, 0. 0 5 ..t.f"" -
0.1 ~M. Hence, this region is probably formed from the 
latex particles. The diameter of the larger particles 
of Figure 11 are somewhere in the range of O, 2 4m - 0, 4 1.if{\ 
which is much larger than the latex particle diameter. 
The particle coalescence of the large particle is 
possibly due to the coalescence of prepolymer particles 
formed via monomer depletion of the oil droplets. An idea 
- 40 -
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Figure 111 A cross-sectional view of the Type II 
coagulum. 
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Figure 12: A close up of the smoother section of Figure 11, 
indicating the coagulum is also composed of smaller sized 
particles. 
42 
of the size of these prepolymer particles can be obtained 
by assuming that original oil droplets are approximately 
1-10 ~"' in diameter, and that the prepolymer remains in 
the oil droplet as the monomer diffuses out during the 
course of the reaction. Therefore, the equation used for 
calculating the particle size is as follows: 
D = (D
O 
J ( f mp) % / J' p) ~/ '"., 
Diameter of prepolymer particles 
Diameter of oil droplets 
Fraction of prepolymer 
- Density of prepolyrner 
Density of monomer polymer mixture= 
( % ) f p + ( 1-% ) P m 
- Density of monomer 
A summary of the calculations can be seen in Table IX, 
The observed diameter of the particles which the 
Type II coagulurn is composed of falls into the range of the 
calculated value of the prepolymer particles. Therefore, 
it is possible that the Type II coagulum is composed of 
prepolymer particles that have agglomerated by some means. 
In summary, the Type II coagulum seems to be primarily 
composed of prepolymer particles agglomerated together 
with pockets of trapped latex particles. 
Electron micrographs offer some interesting obser-
vations of the coagulurn after it has been formed. Although 
- 43 -
there are many other possible explanations for the final 
structure of the two types of coagulum, the explanation 
offered seems to fit best when coupled with the molecular 
weight studies. Hence, Type I coagulum is formed via 
latex particle coalescence, and Type II coagulum is formed 
via prepolymer, perhaps by prepolymer particles. 
% 
1 
5 
10 
Table IX: Calculated Diameter (in~~) of Particles 
Formed From Monomer Depletion of Oil 
Droplets Which Contain Prepolymer 
Pre polymer 1% 5% 10% 
droplet 0.20 0.35 o.44 
droplet 1.02 1.75 2.21 
droplet 2.03 3.50 4.43 
D, General Conclusions Concerning the Bottle 
Pol:f:!!!erization Results 
There are two distinctly different types of coagulum 
formed in the bottle reactors. The composition of the 
two types of coagulum and the functional dependency on 
prepolymer and SIS concentration are different, thus 
indicating different processes are involved in the pro-
duction of the two types of coagulum. The Type I coagu-
lum seems to be formed from latex particles, and Type II 
seems to be formed from prepolymer particles. 
The Type I coagulum is produced by latex particle 
agglomeration. There are several reasons for this con-
- 44 -
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clusion. One reason being the fact that the molecular 
weight distributions of the latexes and Type I coagu-
lum seem to correspond. Also, the SEM's indicate that 
the Type I coagulum is composed of primary particles 
approximately the same as the latex particles. Finally, 
the functional dependency of the amount of Type I coagulum 
on SLS concentration also indicates that latex particle 
coagulation is a possible mechanism to explain the pro-
duction of Type I coagulurn. As the SLS concentration is 
increased, the amount of Type I coagulurn decreased, This 
is what would be exp~cted since a higher emulsifier con-
centration will increase the stability of the latex, thus 
preventing particle agglomeration. It 1s not known 
exactly what mode of agglomeration is occurring. It may 
be Brownian, shear of even surface coagulation. By ob-
serving Figure 9, it might be hypothesized that agglomer-
ation occurs by surface coagulation since the Type I 
coagulum seems to have been formed around a small air 
bubble, However, other coagulation mechanisms should not 
be ruled out. 
The Type II coagulum is primarily formed from the 
prepolymer which was added to the monomer. This is in-
dicated by the molecular weight distribution of the Type II 
- 45 -
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coagulum and also by the one-to-one correspondence ob-
tained between prepolymer concentration and amount of 
Type II coagulum (see Figures 1 and 2). SEMs also offer 
some important in~ight into the formation of the Type II 
coagulum. By close examination of Figure 11, a particu-
late nature is observed where the large particles are 
approximately 0.2 ~~ - 0.4~~ in diameter. These particles 
are 400-800% larger than the latex particles of the system. 
Therefore, they were probably formed from monomer depleted 
oil droplets in which prepolymer was present. As the oil 
diffuses out of the droplets, prepolymer remains, 
thus forming prepolymer particles. Therefore, it is 
possible that the Type II coagulum is composed of pre-
polymer particles that have agglomerated by some means. 
The exact cause of the agglomeration is not known. How-
ever, it could be speculated that shear coagul~t'°"could be 
a factor since the particle size is relatively large. 
In conclusion, several possible mechanisms have been 
proposed for the production of coagulum in bottle reactors. 
The applicability of these results to additional situa-
tions is questionable since the mode of agitation is so 
different from normal agitation in a reactor. Therefore, 
additional work was carried out in round bottom flask 
where agitation was achieved with an impeller. 
- 46 
E, Round Bottom Flask Method 
The mode of agitation in the bottle reactor is 
significantly different than agitation normally occurring 
in reactors. Therefore, another polymerization method 
was briefly investigated during this research project. 
The basic intent of this second method is to establish if 
there is a more consistent approach to studying coagulum 
formation. And secondly, to see how the coagulum produced 
in the round bottom flask compares to the coagulum pro-
duced in the bottle reactors. 
Four emulsion polymerizations were performed in a 
500 ml round bottom flask. The conditions and ingredients 
were similar in each of the four trials except for the 
concentration of low molecular weight prepolymer contained 
in the styrene monomer. After reaction reached comple-
tion, the coagulum was collected and gravemetrically 
analyzed. The results can be observed in Figure lJ where 
coagulum formed is plotted as a function of low molecular 
weight prepolymer. The results indicate that coagulum 
formation, in the round bottom flask, is a linear function 
of low molecular weight prepolymer concentration. Also, 
the data seems to be more consistent as compared to the 
results of the bottle polymerization method. Hence, the 
- 47 -
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preliminary indication is that the round bottom method 
could be a reliable method for studying coagulwn 
formation; however, more experimentation is needed to 
substantiate this. 
A final observation made during this period of work, 
in reference to the round bottom flask method, is that at 
a macroscopic level, only one type of coagulwn was notice-
able. The coagulwn appears as a fine grit ranging in size 
from a 20 .YM to few mm ( see Figure 14). Hence, this 
could imply a major difference between the two methods 
of polymerization which is probably due to the agitation 
mechanism. However, on the microscopic level, two types 
of coagulwn are again noticeable (see Figure 14). Hence, 
the flask polymerization method also presents two types 
of coagulum but only noticeable on a much smaller scale 
of observation. However, it is not known if the two types 
are similar to the nature of the coagulum observed in the 
bottle reactors. 
In conclusion, the bottle polymerization method used 
1n determining the effect of prepolymer on coagulation 
does yield some important information. Particularly 
information about the positioning of the prepolymer. 
Also, the bottle studies definitely express the notion 
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Figure 14: A SEM of the two various types of coagulum 
produced in the round bottom flask polymerizations. 
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that coagulation is dependent upon prepolymer concen-
tration, but the method is unable to distinctly determine 
the effect of prepolymer molecular weight. However, the 
round bottom flask method may be useful in isolating the 
effect of prepolymer molecular weight since the method 
seems to be more consistent. 
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APPENDIX I I Computer program for the conversion 
of GPC data to molecular weight data. 
--PROG~Af1-HWU1.NP-Ut...OU.T.P-U.T..l-------------,------
•••• THIS PROGRAM WAS REVISED BY CHI•HING TSENG, HAR. 1979 
•••• CALIBRATION WAS DONE JAN. 12,1981 . ~ 
... • • Ot-SP-ERS-I-l-Y-CO~-RECf.E0-8-Y-CO-f18.t.HI N~------------
• • • • iAHIELEC ANO RAYiS SOLUTION OF LAPLACE TRANSFOR" PLUS 
•••• TUNG AND RUNYON•S LEADING•HALF TECHNIQUE 
--REAL-M,.NNA~-G..NWA.I/G..NZ""'AIJ9-1Ga------------ ----REAL NORHHI 
DIHENSfON VEC180J,HEIGHT(100) DIHE~S ON HC10 1,NORNH[C100) 
---.Dl-HENs.um...a.t.i-U~0-4().(...ll.----------------DI MENSI ON EC1QO),F(1001,QC1001 DIHE~SION X(1001,YC100>,ZC100) DIMENSION GC100J1S!1D0J 
--D-IMEHSlO.N PHC 1 D3 l-+!!HT C 1113>-----------------
••• DATA·· SET 
0 AT A C HE I G HT CI J ' I :a 1, 5 u / 0 • a' 1. 3 t 2. 312. 6, 2 • J 1 2. 2 ' z. 61 J • 0 • 3. J ' It. a 1 t 5 • 31 6. 1, 1 • a ! a • 3, 9. 6, 1 o. & , 11. a, 1 .s • o , '+. z, 11t • 11, 15 • 3, 15 • 9, 1 &. & , 11 • , , 21a.u,1a.s,1a.1,1a.s,1s.4,1a.9,19.o,19.a,19.s,1a.s,16.1,15.o,12 •• , 
__ 31~Jt,-9...o • z. s, & • s, kO.+S.s, s. • .6.,..s .. 4.-, s.. z, ,... J, J .z.,z. a, 1...2, a. a'-----N•5 L VEUJ•5De0 
.· SAHP!.E•10.HPELtET C 11 
DO 1 I:a2,N 1 VECIJ=VEC1J•0,5•<I•1) 
--SU"Q.aO ... u-------------------------SUH1•SU"2=SUN3=SU"~=O.O DO 1D I:at,N 
~ C I J • F MN C 'IE C I J· > Sft>•SPCV£~~lI1..1-)+)~~--......... ----~--------------H•FHCVEC IU GCIJ•EXPC(2,!03•S(IJJ••21c4.o•HI) SUHO=SU"l+HEIGHTCI) 
10 CONTINUc:.-------------------- ------PRINf 2 
PRINT 115,SA"PLE. 
PIUNf 130 . 
--v00--35-ta-1-t-N--·----------------------NORMHIC I J •HEIGHT CI) •iOO. ISUHO PRINf 1251HEIGHTCIJ,VECI>,HCIJ,NORHHICII HCIJ=ALOG DCHCI)J 
-3.S-CONtINUc;._-~-~----=-~----------
. CALL SPLINECN.,H,,NORHHI1B,C,D> CALL SPLINECN,M,G,E,F,ij) CALL SPLINECN,N,S,X,Y,Z) 
---wDO-lD-I:.1,1-0J.------------------ ----~ P"CIJ•NC1)+CHCNJ•MC1Jl/1DO,•CI•1) U•PMCU PHT(IJ:aSEVALCN,U1H,NORMHI,a,C,DI 
--IF-Cl'HTCl>-eL.T-.....u .. C-J -PHTUJ=O.•D PGaSEVALCN,U,H,G,E,F,Q) PSaS~VALCN,U,H,S,X,Y,ZJ 
P1tCI>•1a .o••u 
--SUM111SUN.1 tP.H1'..(..t.l-/P.~---------------SUH2•SU" Z •PHf CI) /P HC I J / PS SUN3•SUM3tPHfCIJ•PHCI)/PS 
suM,•SuN,+PHT(I)•PG/PS 
-l0-C0N1'INIJF -· - - 53. -
..... ··: .· ---,:r. :::·· ·"'\:---
CALL-SCiL£1tPHT,6.00,101,1,ZOJ PHTU02t :Q. 0 
PIU 1021 a 100 • 
_ _,p~ C 103).a.fUN •Z 11------------------P'I UO lJ • 1. 0 IF C PNU DU • ~E • 1 e DESI PNC 103) 20. 5 CALL AXIS1fle,,1.5,15HRELATIVE WEIGHT, 15,&.0,90.D,0,0, --1-PHTUOJJ.,ZQ) 
--
--
- -- --- . CALL LGA XIS C 1 e 5, 1. 5, 16HHOL ECUL AR "EIGHT, •16, 6. O, Oe 0, 10D • 1 PM C103 I l CALL SYlt BOL C2 • 3, O. 5, Oe 11t,37HAPPROXI NATE O[FFE,ENTI AL DIS TR IBUTI ON. +O.Q,37) 
CALL SY~BOLC3,6,8.25,0.Z1,SAHPLE,0.0,10) 
--uCALL-P-lO.l'.-C.l.-.41-..-51h-'3>·---.. --------------CALL PLOT(6.a,o.o,-z, .. CALL PLOT<O.Ot•6.00,•2> . CALL PLOT(•6.~,0.0,•3J 
--.i.C-ALl.-l.Glr-I-NE-C-F44~M-1-0-~-1--------------CA LL ENO PLT NNAV;•SUH1/SUM 2 l'fWAVG•SU"J/SUH 1 
---D~="W~HNA-~--------------------------------~--------~ P~INT 2 P~INf 1ft0 PIUNr ua 'NNA VG,NWAVG, OP 
---MMAV-~SUMV-SU'1-2,---------------------"WAVG•SU"3/ SU ft It DP=HWAVG/NNAVG PIUNf 1ft 5 
--P~-IN-T-1-1-~NA-V-G-,NWA.Vc;...Ol'(------------------z- FORN• T UHR, 2//) .. 90 FORN-TCI2,1X1A10J 100 FORNAT(F4.2,~5.2J 
-J..IJ.-5-$.0RHU-C-3-SX~A-ffFtlE --•, 2x...JA-10-• .J 110 FOR"AT(l1ZOX1•NUHBER AVERAGE HWT a•,E10.2,/20X,•WEIGHT AVERAGE MWl 1251FO;"if~zfl~i~~!~~Ir:i§i!lil~l,1DX,Ft;!~fO.ZJ 
-13-0-El}RNlT-<-1.SX,~UGHT•, 2.1X, •vE•, ia.X~M-W.T-4il.--•-NORNAI.I ZEO-HE IGHT-._J_ -135 F'ORHAT C10/J tti ;g:::f 11,:1 :~::~~;;I·c~~~E~gt:~u~f iGtf Ia~,R~~~:AEs., 
---Ei;;...NU-------------------.;..._------------
--.a::Fc.uUNCT-tON-f.KWC.'J-1----------------- ------FMWata. a••< 1D. 2624•0.15951~V) . IF (V.LE •. 27,0t FHWato.o••(Zl+.632'+•0.67r.O•V) RETU~N 
···· · 
--EN 
.. .. 
--+-FUNCT-IOM-SP-CVJ, _______________ _ SP:0.15951 IF CV .LE. 27.0J SP•0.6740 RETURN 
--.c.ENU------------------------- -------
- 5.~ -
. . .. •••.• j~ ..... 
,, '.r,'··:,..·, 
'·, it.'! ,'· .. ~l' -. 
..... 
I· 
